Introduction
The exchange of an electron between two molecules may be considered to be the most fundamental and important chemical reaction. Such a redox process can occur thermally or photochemieally. Intermolecular light-induced electron transfer involving transition metal complexes has been extensively studied during the last 15 years [1] [2] [3] [4] [5] [6] [7] [8] . This interest was stimulated, at least partially, by attempts to develop an artificial photosynthesis for the conversion and chemical storage of solar energy [9] [10] [11] . It is well known that natural photosynthesis requires a light-induced electron transfer as the basic process.
Intermolecular photochemical electron transfer takes place by two different mechanisms. First, an electronically excited molecule may undergo an electron exchange with another molecule in its ground state. Secondly, a direct optical electron transfer can be achieved if the electron donor and acceptor are electronically coupled by a close contact. The majority of studies involving coordination compounds has been devoted to excited state electron transfer [1] [2] [3] [4] [5] [6] [7] [8] while much less information is available on the second mechanism [6] [7] [8] [12] [13] [14] [15] which is the subject of the present review.
Intermolecular and outer sphere (OS) electron transfer are frequently used as synonymous expressions. Generally, this is justified. However, in some cases both terms are not equivalent. While an intermolecular electron transfer is indeed always of the OS type, an OS electron transfer is not necessarily an intermolecular process. For example, in the complex [(NH 3 ) 5 an optical electron transfer from Ru 11 to Ru m takes place [16] . This intramolecular process occurs by an OS mechanism since the electronic coupling between both metals is not mediated by connecting atoms. In distinction to an inner sphere (IS) transfer the electronic interaction does not take place via chemical bonds but rather through space. However, for most practical purposes intermolecular and OS electron transfer describe equivalent processes.
While the electronic coupling by an OS interaction is generally rather weak it may become quite strong if it is of the IS type although there is also a number of remarkable exceptions [17] . An IS mechanism is always in operation when the donor and acceptor site are connected by a direct bond without an intervening atom. Before we enter the discussion of light-induced OS electron transfer it is appropriate to mention briefly the typical optical IS charge transfer (CT) transitions of metal complexes which are classified according to the redox sites [18] .
Ligand to metal CT (LMCT) absorption bands appear at long wavelength if the ligand is reducing and the metal oxidizing. Fe(III) and Co(III) complexes are well-documented examples. LMCT bands cause the colors of d° oxometallates such as CrO^" (yellow) and MnO~ (violet).
Metal to ligand (MLCT) is another classical optical transition of metal complexes. MLCT absorptions are observed at long wavelength if the metal is reducing and a ligand provides low-energy empty orbitals. Complexes (bipy = 2,2'-bipyridyl) are typical cases. In addition, organometallics which contain a metal in a low oxidation state and
Theoretical Background
An optical OS CT transition may occur if a reducing and an oxidizing molecule or ion are in close contact which provides some orbital overlap of the donor and acceptor. This close contact is frequently facilitated by the electrostatic attraction within an ion pair. But also neutral molecules may be close enough under suitable conditions, particularly at high concentrations or in the solid state. The electronic interaction between an electron donor and acceptor and the resulting optical CT transition can be understood on the basis of a theory advanced by N. S. Hush [21, 22, 24, 27, 28] . Although this theory was first developed for donating and accepting metal centers it can be applied to any other redox site as well. The Hush model in its simplest form requires a weak electronic interaction between donor and acceptor. This is certainly valid for the majority of the OS systems discussed in this article since donor and acceptor are not coupled by chemical bonds. The overlap of the orbitals involved in the OS CT transition is assumed to be rather small. The electronic spectrum of the donor/ acceptor pair consists then of the superimposed spectra of the single components. In addition, a new absorption band appears which belongs to the optical CT transition from the donor (D) to the acceptor (A).
The energy of this OS CT transition (E CT ) depends on the potential difference AE between the redox couples D/D + and A/A~ and on the reorganizational energy % (Fig. 1 ). The parameter % consists of an outer and an inner part.
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The inner contribution Xj * s a fraction of the Franck-Condon CT transition as shown in Fig. 1 . It depends on the structural distortion which accompanies electron transfer. In the case of a metal complex this structural reorganization which may be associated with changes of the metal-ligand bond length varies with the oxidation state of the metal. Frequently, reduction is associated with an extension of the metal-ligand distance when an antibonding orbital is populated.
The optical CT as a Franck-Condon transition terminates in a vibrationally excited state of the redox isomer D + A" before it relaxes. The electron transfer can not only be achieved by light absorption but also as a thermal process which requires the activation energy E^ to reach the crossing point of both potential curves (Fig. 1) . When the redox isomer has relaxed to its vibrationally ground state it may undergo a thermal back electron transfer by overcoming the activation energy E; = E th -AE.
While %. is an intrinsic property of the redox pair AD the outer part Xo depends on the reorganization of the solvent environment.
The parameters a x and a 2 are the radii of the donor and acceptor assuming spherical structures. This assumption seems to be justified for tetrahedral or octahedral complexes. However, in the case of planar electron donor or acceptors such a simple picture certainly does not apply. A further parameter is the distance d between D and A with d = a x + a 2 as the closest possible approach. The polarity of solvent contributes also to Xo. This polarity is represented by the term 1 /n 2 -1 /D and determined by the refractive index n and the static dielectric constant D of the solvent. It follows that with an increasing solvent polarity and an increasing distance between donor and acceptor also the term % 0 and finally the energy of the optical CT transition become larger [29] .
The outer contribution Xo to the overall reorganizational energy introduces a serious complication to the evaluation of an optical OS CT. A change of the solvent does not only effect x 0 by a variation of the solvent polarity. It can also affect the mutual orientation of donor and acceptor, particularly the distance d. For example, when the donor and acceptor are ions an increasing solvent polarity may increase also the distance d by an extension of the solvation shell of the ions. An empirical correlation which apparently takes care of these complications has been recently introduced to evaluate and predict the energy of optical OS CT transitions. This increment system developed by Hennig, Bendix, and Billing works rather well [15, 30, 31] . If follows that the solvent polarity and the distance d seem to vary in a predictable fashion.
Light absorption into the OS CT band is a photoredox process by definition. Generally, the generation of D + A" is followed by a rapid back electron transfer which requires a rather small activation energy E^ (Fig. 1 is generated. It is kinetically very labile and undergoes a rapid decomposition in aqueous solution [32] . When the productforming step is not very fast back electron transfer is certainly favored but a cage escape of the primary redox pair D + A~ may facilitate a secondary reaction.
Spectroscopy
In analogy to IS CT transitions [18] optical OS CT can be classified according to the predominant localization of donor and acceptor orbitals at the ligand or metal. In suitable cases OS MLCT, OS LMCT, OS LLCT, and OS MMCT transitions will then be observed. In addition, the donor or acceptor may not be a metal complex at all. The corresponding OS CT transitions are now of the complex to acceptor and donor to complex type. Again, donor and acceptor orbitals can be located at the metal or ligand. The charge of the donor and acceptor is used as a further classification of OS CT. As discussed below the majority of OS CT is observed for ion pairs which consist of an accepting cation and a donating anion. It is quite understandable that the electronic interaction between donor and acceptor is facilitated by electrostatic attraction in the ion pairs. In systems which do not consist of ion pairs high concentrations of at least one redox partner is required. OS CT transitions of this type can be identified either in the solid state or if the donor or acceptor is the solvent. The latter transition is well known as CT to solvent (CTTS) transition [8, 19, 33] . The reverse process, namely optical CT from the solvent, has not yet been observed to our knowledge.
Ion Pairs
The intensity of an OS CT absorption of an ion pair is influenced by the solvent in various ways. More polar solvents will favor the-dissociation of the ion pair. In less polar solvents the solvation of ions and thus the distance between donor and acceptor are much smaller. The orbital overlap and consequently the intensity of the OS CT bands of these contact ion pairs are expected to be much larger than those of solvent-separated or dissociated ion pairs. It follows that the detection of an OS CT band of ion pairs is often facilitated by the use of nonpolar solvents. Unfortunately, this choice is frequently limited by the low solubilities of the ion pairs in solvents of low polarity.
Occasionally it is questionable if observed CT absorptions are really due to ion pairs. In some cases they rather belong to ligand-bridged bi-or polynuclear complexes and are of IS CT type which are not discussed in this review. Caution must be applied if one complex ion provides ligands which are potentially bridging (e.g. CN~) and the counter ion is kinetically not inert (e.g. with M = Fe, Ru, and Os display M n to bipy OS MLCT absorptions at > w = 480 nm (e = 61) for M = Fe, 400 nm (155) for Os, and 379 nm (110) for Ru [35] . As expected the OS CT bands shift to lower energies in the order of increasing reducing strength of [M(CN) 6 ] 4 " (E 1/2 = 0.19 V for Fe, 0.40 V for Os and 0.70 V vs SCE for Ru). The reorganizational energy which is associated with electron transfer was estimated to be ~ 15000 cmfor all three ion pairs.
LMCT
The electronic spectrum of the aqueous ion pair [Ru(NH 3 
contains a new absorption band at % max = 297 nm (e = 29) which appears well resolved in the difference spectrum [36] . This band was assigned to an OS LMCT transition from cyanide coordinated at Rh 3-). In addition, the larger distance between CN" and Ru m in the ion pair contributes certainly to the higher energy of the OS LMCT band.
LLCT
Intense absorption bands which are assigned to IS LLCT transitions appear in the electronic spectra of square planar Ni 11 , Pd", and Pt" complexes which contain a 1,2-ethylenedithiolate as electron-donating and 1,2-diimine as accepting ligand [26] : I It the diimine and the dithiolate are coordinated in separate complexes which form an ion pair it should be possible to identify OS LLCT absorptions. Such bands were indeed detected in the spectra of the insoluble salts
with M" = Ni", Pd", and Pt" at > w = 840 nm for Ni, 834 nm for Pd, and 824 nm for Pt [37] .
2-
The intense and broad absorptions (s ~ 10 4 ) at about 830 nm were assigned to OS LLCT transitions from mnt 2~ to tim. This assignment is supported by the fact that the energy of this transition is almost independent of the metal M".
MMCT
The majority of OS CT transitions of ion pairs which consist only of complex ions is of the MMCT type. [38, 39] . However, it is questionable if they are OS in character. Since the aquo cations are kinetically labile and the cyano complex provide bridging ligands bi-or polynuclear complexes with an IS MMCT interaction may have been formed. For several systems this suspicion was confirmed [38, 39] . with N-N = ethylenediamine, 1,2-diaminopropane, and 1,2-cyclohexanediamine since the ligands become larger in this series [12, 42] . However, contrary to the expectation the OS MMCT bands were shifted to longer wavelength ( Table 1 ). The distance between donor and acceptor grew apparently. It is assumed that the increasing size of the complex cations is indeed associated with a decreasing size of the solvated cobalt complexes in the ion pair. This phenomenon is well known for alkali cations. It is certainly also favored by the hydrophobicity of the Co complexes which becomes larger when the number of alkyl substituents at the diamine ligand increases.
The centers. In addition, the oxidation of Pt 11 is associated with a huge reorganizational energy since new ligands must be attached to the square planar complex.
MMCT of Organometallic Ion Pairs
Organometallic ion pairs which exhibit OS MMCT bands in their electronic spectra have been described only recently. Many salts which contain an oxidizing metal carbonyl or metallocenium cation and a reducing metal carbonyl anion were prepared and characterized a long time ago. However, studies of the optical spectra were not included in the early work. The occurance of OS MMCT absorptions of organometallic ion pairs is not only interesting in its own right but is also of general importance with regard to electron transfer processes in organometallic chemistry [51] . The first example of an organometallic ion pair with an OS MMCT band was reported by Schramm 6 ]" are also remarkably colored [57, 58] . In some cases it was confirmed that the colors are due to OS MMCT bands [59, 60] (Table 2 ).
Ion Pairs Consisting of a Complex and a Non-metallic Counter Ion
Complex to Acceptor CT There is a large number of oxidizing organic cations which can serve as electron acceptors for reducing metal complex anions. Spectral data on these OS CT transitions are given in Table 3 . With regard to the metal complex a distinction between the metal and the ligand as the donor site can be made. Frequently cyano complexes were used as donors [31, [61] [62] [63] [64] [65] [66] is also called paraquat 2 + or methylviologen 2 + ) was published by Curtis, Sullivan, and Meyer [63] . Besides classical cyano complexes also metal carbonyl anions such as [Co(CO)J~ [15, 67] and [M(CO) 6 ]~ with M = V, Nb, and Ta [68] [69] [70] are suitable donors. The central metal is the donor site of the cyano and carbonyl complex anions.
Another rather interesting type of reducing complex anion contains the chelating 1,2-ethylenedithiolate ligand (see above). Many ion pairs which are composed of such donating complex anions and organic accepting cations were shown to display OS CT bands [71] [72] [73] [74] (Table 3) . It seems that for most of these ion pairs the donor site is located at the dithiolate ligands. In the case of the complex Zn[S 2 C 2 (CN) 2 ] 2_ [72, 73] this assumption is certainly correct since Zn 2+ cannot participate in any low-energy CT transitions.
Donor to Complex CT
Many ion pairs which are composed of oxidizing complex cations and non-metallic reducing anions display OS CT bands in their electronic spectra [15] . The acceptor site may be again the metal or the ligand. The majority of observations on OS donor to metal CT absorptions were made with ion pairs which contain cationic amine complexes of Co 111 [75] [76] [77] [78] [79] [80] [81] and Ru 111 [82] [83] [84] as acceptors (Table 4 ). In addition, fulvalendiyl Co 111 complexes were used as oxidizing cations [85] . A variety of donor anions such as the halides are suitable. The wavelength of the OS CT bands decreases with decreasing reducing strength of the halide (I~ > Br" > CI"). In this context it is certainly of interest that [Co(NH 3 ) 6 ] 3 + I~ was the first ion pair of a metal complex which was reported to show an OS CT absorption [75, 76] . The colors of the salts [Ir(NH 3 ) 6 ] 3+ halide" may be also caused by OS CT bands although the spectra of these ion pairs were not recorded [86] .
Instead of an oxidizing metal the coordinated bipy ligand can also act as electron acceptor. For example, OS donor to ligand CT absorptions determine the colors of the salts [Rh m (bipy) 3 ] 3+ X-with X" = CI", Br", SCN", and CN". Harris and McKenzie made this observation already in 1963 and suggested a CT transition from X" to to complex as origin of the colors [87] . Since Rh m is rather redox inert there is little doubt that the OS CT transition terminates indeed in the 71* orbitals of the diimine ligand.
Neutral Acceptors and/or Donors
Complex to Acceptor CT The necessary close contact for an OS CT interaction is not only provided by the electrostatic attraction within an ion pair. If the solvent is the donor or acceptor an inimate interaction with a dissolved complex as the acceptor or donor is certainly also guaranteed. While optical OS solvent to complex CT transitions have not yet been identified many reducing complexes are well known to display complex to solvent CT ("CTTS = CT to solvent") bands if they are dissolved in oxidizing solvents such as halogenated alkanes or even water [8, 19, 33] [93] . The complex to solvent CT bands involving these complexes are usually not well resolved since they appear in the short-wavelength region where they interfere with absorptions of a different origin. Since these complex to solvent CT transitions have been discussed in several reviews [8, 19, 33] any further description is not necessary here.
OS complex to acceptor CT bands were also observed upon association of [M° (arene) (CO) 3 ] (M = Cr, Mo, W) as neutral electron donors and trinitrobenzene (TNB) or tetracyanoethylene (TCNE) as neutral electron acceptors [94] [95] [96] [97] [98] . Generally, the CT absorptions appear only for the solid addition compounds while a dissociation into the separate components takes place in solution. The CT interaction occurs by coplanar face to face orientation of TNB with the coordinated arene. The CT energies can be varied systematically by the choice of appropriate substituents at the coordinated arene. Ferrocene and its derivatives were also observed to form addition compounds with TNB and TCNE [96] . These compounds are also characterized by complex to acceptor CT bands in their electronic spectra. Donor to Complex CT OS donor to complex CT absorptions which do not involve ion pairs have not yet been identified to our knowledge.
Complex to Complex CT
There is one interesting but rather exotic example which demonstrates the occurance of optical OS CT between neutral complexes. The paramagnetic d 5 complex V(CO) 6 is deep green-black but only in the solid state. This color was attributed to an OS MMCT transition from one V° to another one [99] . This assumption is supported by the observation that the color disappears upon dissolution. In solution the V(CO) 5 molecules are separated from each other and cannot interact electronically. It is of interest that the OS MMCT transition of solid V°(CO) 6 generates the mixed-valence ion pair [V ! (CO) 6 ] + [V _I (CO) 6 ]" which is not stable but undergoes complete back electron transfer.
An optical OS CT transition is an intermolecular photoredox reaction per definition. However, in most cases the primary redox products undergo a rapid back electron transfer which is favored by the large driving force AE of these systems (Fig. 1) . In a few cases the primary products were detected and the kinetics of back electron transfer was determined by flash photolysis. The formation of stable photoproducts depends on the competition between back electron transfer and secondary processes. A permanent chemical change takes place if these secondary processes are faster than back electron transfer. This competition can be influenced by a suitable choice or modification of both redox partners. Back electron transfer will be slowed down by increasing its activation energy E^ (Fig. 1) . This can be achieved in two ways. E^ grows with an increasing reorganizational energy which is associated with a larger horizontal displacement of the potential curve of the primary products. Such large structural changes are encountered when the OS CT transition leads to the population or depopulation of bonding or antibonding instead of non-bonding orbitals. E^ can also become larger by a decrease of AE which is associated with a vertical displacement of the potential curves (Fig. 1) . However, at the same time the activation energy E a for thermal forward electron transfer is lowered. Thermal electron transfer may now occur and interfere with the light-induced process.
A formation of stable photoproducts depends also on the rate of secondary processes which must compete with back electron transfer. For example, Co 111 amine complexes are well suited as electron acceptors in an irreversible photoreaction since Co" amines undergo a very rapid decay [32] . The dynamics of the solvent cage is also important. A certain fraction of the primary electron transfer products may undergo cage escape before back electron transfer takes place. The primary products which escaped from the cage can react to form stable products. Table 2 ). The photochemistry of this ion pair is rather complicated upon short-wavelength irradiation which leads to the excitation of the cation [109] . When the light is absorbed by the MMCT band at longer wavelength (X. rr = 405 nm) a radical pair is formed. The processes which are initiated by the MMCT transition can be explained by the following mechanism [54] The primary radicals may diffuse apart. These radicals are certainly labile toward substitution or dissociation. Finally, the radical [Co(CO) 3 (PPh 3 )] is formed which dimerizes to the product. The low quantum yield of the photoreaction (cp = 0.012) may be due to a competing reversal of some of these processes including back electron transfer within the primary radical pair. It is quite interesting that product formation occurs also thermally at elevated temperatures [110] . This indicates a relatively low activation energy E a (Fig. 1) . In this context it is rather important to pay attention to the general significance of this thermal reaction in organometallic chemistry [51] . With regard to the photochemistry we would like to emphasize the relationship between the light-induced formation and homolytic cleavage of metal-metal bonds:
Ion Pairs
[ 4 ]-in THF, cobaltocene and [Co(CO)Jare formed as a radical pair which undergoes a rapid back electron transfer to the starting ion pair [59] . In the presence of phosphites the formation of stable products takes place.
[ 
